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Introduction
The development and widespread use of sensing platforms for dynamic, real-time detection of hazardous materials (i.e., chemical, biological, and energetic) has remained a continuous goal in numerous fields of research, especially for the U.S. Army and other first responders. In order to rapidly detect and identify hazardous materials before or after exposure to human populations, such an ideal sensor must have the following characteristics:
• Operable in a host of different environments
• Sensitive to several types of target analytes at low concentrations
• Quantitative output
• Cost efficient
• Hand-held
• Requiring little to no sample preparation
• Commercially available.
To answer these needs, several sensing methodologies (for research and commercial use) have been proposed and developed. Some of the more common and effective hazard sensing technologies center on vibrational spectroscopy like Raman and related Raman-based techniques. Vibrational-based spectroscopic techniques like Raman rely on specific vibrations in a molecule from which a fingerprint spectrum can be generated for qualitative and quantitative measurements. Raman and Raman-based techniques are particularly well suited for the identifying and characterizing unknown targets, both hazardous and benign (1-6) as they (1) do not suffer from interferences from water, (2) require little to no sample preparation, (3) are robust and can be used in numerous environments, (4) are relatively insensitive to the wavelength of excitation employed, and (5) produce a narrowband spectral signature unique to the molecular vibrations of the analyte. All of these advantages contribute to Raman spectroscopy's capability to characterize, identify, and quantify samples. Despite such advantages, however, Raman spectroscopy has remained a somewhat marginalized technique for trace detection of hazardous materials in the field, mainly due to the extremely low scattering cross sections characteristic to many hazards.
Currently in the sensing community, one Raman-based technique-surface enhanced Raman scattering (SERS)-is gaining particular interest for hazard detection. SERS has all of the advantages of spontaneous Raman with the added benefit that electromagnetic and chemical enhancements contribute to increasing the overall signal. SERS is commonly observed when a molecule adsorbed onto or in close proximity to a nanoscale roughened metalized (typically gold
[Au] or silver [Ag]) surface has incident light directed onto it. This results in the excitation of the surface plasmons and thus greatly increasing the electromagnetic field of the light at the surface. Consequently, the Raman scattering of the molecule adsorbed on the surface is also amplified. The second contribution is due to a chemical effect and is assigned to the mixing of the orbitals of the adsorbed molecule and the metal atoms on the substrate surface. This second effect is considered much weaker (typically up to 2 orders of magnitude) than the electromagnetic effect. Under ideal conditions, SERS has been reported to detect single molecules (7) (8) (9) . Compared to conventional Raman, the SERS enhancement has been reported to be as much as 14 orders of magnitude greater (under optimized conditions) (9), although it is most commonly observed to be 6 to 8 orders of magnitude. SERS has already been shown to be a viable sensing technique for chemical, biological, and energetic hazard detection in laboratory settings (6, (10) (11) (12) (13) (14) (15) . Thus, with continued efforts towards fabricating a more dynamic sensitive sensor, SERS has the potential to serve as a universal rapid screening tool for many types of hazardous materials.
Despite its many advantages, the application of SERS to real-world situations has remained challenging due in part to the difficulty of fabricating highly sensitive and spectrally/physically reproducible SERS substrates (16) (17) (18) . Several SERS platforms have been fabricated and demonstrated in the literature including colloids (19) , film over nanospheres (20) (21) (22) (23) , fiber optic bundles (1), nanoparticles (24) (25) (26) (27) (28) , and lithographically (29) produced structures. At best, the more sensitive substrate platforms have a 15% relative standard deviation (RSD), the measure of the reproducibility of an analysis, from substrate-to-substrate and a SERS signal enhancement of 7 to 8 orders of magnitude (21, 22) . Consequently, many researchers in academia, industry, and government have focused concerted efforts toward increasing the enhancement ability, reproducibility, and mass production manufacturing of substrates to increase the utility of this technique (29, 30) . For the Army and first responders, such a substrate platform with increased sensitivity and reliability would be very advantageous for detecting and identifying unknowns.
Research efforts have also concentrated on better directing the optimization of the substrate surface from which the SERS enhancement occurs (17, 29, (31) (32) (33) . Based in part on experimental and theoretical efforts, the directed fabrication of SERS platforms has focused on modifying the feature size (34) (35) (36) , spacing between objects, geometry and shape of structures (37) (38) (39) , identity and incorporation of metals on the surface (40), feature height, and the character of the foundation layer (3, 14, 20, 41) and the architecture on which it is fabricated (11, 42, 43) . Numerous examples in the literature detail how varying some of these parameters, in some cases, can result in very dramatic changes to the overall SERS enhancing capabilities of the substrate surface. Rigorous efforts continue to focus on understanding how these parameters, as well as a vast number of others, synergistically work together to result in a highly reproducible sensitive SERS substrate. As the overall sensing capabilities of the SERS surface improves, congruent research is pushing toward developing the uniform, reproducible, mass producible platform needed to facilitate widespread adoption of SERS as a viable sensing technology.
Some success fabricating both spectrally and physically reproducible SERS substrates has been demonstrated with commercially available standard Klarite substrates (Renishaw Diagnostics) (32, (44) (45) (46) (47) . These substrates were developed using a well-defined silicon-based semiconductor fabrication technique in which a silicon diode mask is defined by optical lithography and then surface etched using potassium hydroxide (KOH), resulting in an array of highly reproducible inverted pyramid features (47) . These array pyramids are reported to have "hot spots" or "trapped plasmons" located inside the wells (47). These substrates have been previously characterized (48) using atomic form microscopy (AFM) images, which showed that the inverted pyramids were about 1.47 µm wide and 1 µm deep. These substrates have plasmon absorbance bands located at 577 and 749 nm, thus demonstrating the usefulness of this substrate for a range of excitation sources. In addition, due to the fabrication process used, under ideal conditions, these substrates have demonstrated typical RSDs ranging from 10%-15% under drop and dry conditions.
While these standard Klarite substrates do demonstrate a high degree of substrate reproducibility and very low substrate background interference (SERS signal and surface morphology), for many applications in real-world situations, increased analyte sensitivity is still necessary. Recently, new prototype Klarite based substrates have been fabricated by Renishaw Diagnostics with the intent to expand substrate sensing capabilities. The morphologies of these substrates dramatically differ in overall shape, pitch, and spacing as compared to the standard Klarite substrate resulting in very interesting sensing capabilities.
In this report, we report on the physical characterization of these substrates to include AFM, scanning electron microscopy (SEM), and plasmon absorbance data. We also discuss the reproducibility and limit of detection results as determined with the next generation Klarite SERS substrates using a model compound, trans-1,2-bi-(4-pyridyl) ethylene (BPE) measured at two different wavelengths 633 and 785 nm in a Renishaw Raman Microscope.
Experimental
Commercially Available Substrates
Commercially available, slide-mounted standard Klarite 302 SERS substrates were purchased from Renishaw Diagnostics. Slides were received individually wrapped and vacuum sealed. The SERS active area on these slides is a gold-coated 4 mm x 4 mm wafer. The standard Klarite slides were only used once and opened just prior to measurement to reduce any possible surface fouling. In addition, the substrate was submerged in ethanol prior to initial measurements to remove any possible contamination that may have accumulated on the surface. Next generation Klarite substrates (designated as 308's and 309's) were used as received from Renishaw Diagnostics following the same procedures used for the standard substrates. Due to a limited number of substrates available, data were collected using a standard addition method. Typically, in SERS data collection on the standard and 308 substrates, five measurements across the substrate surface were collected. The next generation 309 substrate is composed of four distinct quadrants, and due to the limited active surface area on the 309's, only two measurements were collected per quadrant. Most data in this report are presented as an average of a collected data set and one standard deviation error shown, unless otherwise indicated.
Instrumentation and Data Analysis
Plasmon data were obtained using an Avantes system. The system is controlled using AvantesSpec software. Data analysis was performed using Igor Pro 4.0 (WaveMetrics, Inc.). Unless otherwise indicated, data acquisition parameters were 500-ms exposure time for 10 accumulations and 3 averages. Using this methodology a total of five spectra were collected from each substrate. SEM images was obtained using a FEI environmental SEM (Quanta 200 FEG). A Renishaw in Via Reflex Raman microscope was used for SERS and Raman spectra collection. Spectra were collected using the near-infrared (NIR) 785-nm laser. The laser light was focused onto the sample using a 5× objective, exposures were 10 s long, and three accumulations were collected per spot. Approximately 7 mW of power irradiated the surface of the substrate. Samples were positioned using a motorized XYZ translational stage internal to the microscope. Spectra were collected, and the instrument was run using Wire 3.2 software operating on a dedicated computer. Data analysis was achieved using IgorPro 6.0 software (Wavemetrics) (10) . All AFM data were obtained using a Veeco AFM. The AFM was operated in tapping mode using two tips, the OTESPA Veeco (frequency 300 kHz, length 110-180 µm), and the TAP 150Al-G Budget Sensor (soft tapping mode, resonant frequency 150 KHz).
Chemicals and Reagents
All chemicals were used as received without further purification. For the evaluation of substrate sensing capabilities, the SERS active chemical BPE in ethanol (EtOH) was used. The analyte BPE was used as it is a well characterized SERS active compound (all bands assigned), binds to Ag and Au, and does not resonantly enhance in the visible (49) . The SERS response test protocol used a modified standard addition methodology developed (in partnership with Edgewood Chemical Biological Center) and commonly used for SERS Defense Advanced Research Projects Agency (DARPA) evaluation program (6, 10, 33, 43, 50, 51) . Briefly, in these experiments the substrate was soaked in 5 mL of a BPE/EtOH solution for 10 min to insure complete binding of the BPE with the surface, and then the SERS spectra of the substrate were collected from five different points across the substrate (while still in solution 
Data Analysis
For evaluation of substrate SERS enhancing capabilities, the intensity of the 1200 cm -1 SERS ethylenic C=C stretch band of BPE was used to quantify the signal-to-noise (S/N) ratio due to its reasonable insensitivity to orientation on the surface (52). In figure 1 , a typical SERS spectrum of BPE is shown, relevant vibrations are identified. 
Calculations
Sample calculations are shown in table 1. In this table the physical parameters measured on the substrates and those calculated are defined. The S/N ratio is defined as S/N Ratio = 
Results and Discussion
An "ideal standard" SERS sensor would demonstrate many advantages including (1) analyte sensitivity and (2) morphological and spectral uniformity. Working towards the goal of fabricating a more universal SERS sensing platform, widespread research efforts have concentrated on modifying the physical components of the substrate architecture. Physical factors that can be modified for a dramatic overall impact to the SERS substrate sensing capabilities include changing the size, shape, and spacing between structural features as well as modifying the dielectric environment. The experimental literature has multiple examples demonstrating that the largest overall SERS signal enhancement occur when the substrate surface is composed of nanoscale features (characterized in a multitude of effective and sometimes different geometries) in close proximity to each other, and that at or near the junctions of these nanofeatures is where the largest overall field enhancement or hotspots appear (22, 34, 53) . Standard and next generation Klarite substrates were physically characterized by SEM image analysis and AFM, which is necessary to better understand the morphological changes between the two and draw conclusions from possible trending. SEM analysis provides insight into the spacing and size of substrate features, while AFM data analysis provides topographical information to accurately determine the exact feature size and depth. Combining data from these two techniques creates an in-depth analysis of overall substrate morphology from which we can estimate the "active" substrate surface area, determine the degree of pitch, and identify any trends.
In figure 2 figure 2d , a modified SEM image demonstrates the different areas on the substrate measured. This image includes an inner (active, in black marks) and outer (overall area, in white marks) portion of an inverted pyramid marked: (a) length of pyramid and (c) spacing between pyramids. It should be noted that the spacing between the features, the depths of the features, and in some cases, the number of overall features differed from substrate to substrate type. All of these measurements are used for estimating the standard sensing area per inverted pyramid (calculation accounts for pyramid structure) and the overall percentage of active sensing area per chip; see section 2 for more details. From this analysis, conclusions and explanations for possible trending can be drawn. To establish the total number of cells (inverted pyramids + ½ the distance between the neighbor cell) for the active area of the substrate and determine the total % of the surface that was composed of cells, a combination of information from both SEM and AFM analysis was employed. Using SEM and AFM data analysis sizes of inverted pyramids for the different types of Klarite substrate were established; figure 3a shows an example SEM of a Klarite 309 substrate and figure 2b shows the same for the AFM data. From data analysis, we determined that a standard Klarite substrate has an outer width of about 2040 nm and an inner pyramid width of 1470 nm, for a total sensing area of 51.9% of a single pyramid. Assuming an overall active chip size of 4 mm x 4 mm, the total number of cells for each 302 substrate is around 3.84 x 10 6 . The
Klarite 308 substrate has an outer width of 636.4 nm, and an inner pyramid width of about 454.0 nm, for a total sensing area of 50.9% of a single pyramid. Assuming an overall active chip size of 4 mm x 4 mm, the total number of cells for each 308 substrate is around 3.95 x 10 7 .
Similar calculations were conducted for the different quadrants of Klarite 309 (table 2) . From this information, we conclude that the next generation Klarite 308 has a significantly higher overall density of cells for the surface area as compared to the Klarite 302, and thus, potentially a greater increased number of SERS hot spots. Ranking the percentage of cell "active" greatest to smallest on the 309 substrate quadrant, 3 is largest, followed by quadrant 1, followed by quadrant 4, and then quadrant 2, which has the smallest overall percentage of active area. From this observed trending on the 309 substrate, we could conclude that quadrant 3 will outperform quadrant 2. To get an overall idea about the depths of features across the surface and overall pyramid surface area, AFM analysis was used. In table 1, a summary of these results is provided including the number of cells per chip area, well width and height, distance between features, slant length, pyramid surface area, and percentage of cell area deemed active for the standard commercial Klarite 302 and the prototype Klarite 308 and 309 series. Comparing the pyramid surface area between the 302 and the 308, we see that overall the 302 has a much larger surface area. However, there are significantly more "cells" for the Klarite 308 as compared to 302, and the cells are placed much more closely together, which might affect overall SERS signal enhancing capabilities. The trend observed from largest to smallest overall inverted pyramid surface area and active area on the Klarite 309 is quadrant 3, quadrant 1, quadrant 4, and quadrant 2.
Additionally when comparing the different quadrants of the 309, it can be observed that ranking pyramid depth (B) from greatest to smallest we observe the following trend: quadrant 3, quadrant 1, quadrant 4, and quadrant 2. Comparing spacing between features smallest to greatest, we again observe the trend going from quadrant 3, quadrant 1, quadrant 4, and finally quadrant 2. All of these physical parameters may have a significant influence on the overall SERS activity of these different quadrants.
It has been demonstrated in the literature that the overall maximum SERS signal enhancement occurs when the localized surface plasmon resonance (LSPR) falls between the wavelength of excitation and the Stokes frequency shift (54) (55) (56) . As the SERS intensity is dependent upon the excitation of the LSPR, it is important to better optimize the experimental setup to evaluate these substrates. Therefore, the plasmon absorbance data for the different SERS substrates were collected (figure 4). The plasmon absorbance band for the standard Klarite was previously reported to be located at 577 and 749 nm. The plasmon absorbance band for Klarite 308 is located at 590 and 675 nm, the Klarite 309 quadrant 1 plasmon bands are located at 723 and 840 nm, quadrant 2 is located at 700 and 831 nm, quadrant 3 is located at 734 and 845 nm, and quadrant 4 is located at 713 and 836 nm. The plasmon bands of Klarite 302 and 308 are found to be most similar in location. The location of the second plasmon band feature for the different quadrants of 309 ranked from greatest to lowest wavelength are: quadrant 3, quadrant 1, quadrant 4, and quadrant 2. Limits of detection (LOD) and overall typical S/N ratios were determined following the SERS BPE testing evaluation previously described and briefly outlined in section 2. For these experiments, two different wavelengths were evaluated to determine if the location of the plasmon band would influence the overall SERS response of the substrates. For LOD determination, the S/N ratios and error were calculated for all substrate types over 20 different calculations and at two different wavelengths. The target analyte used was BPE (see figure 3a for an example spectrum of BPE at 785 nm in EtOH) with the 1200 cm -1 band clearly indicated. In figure 3b , an example S/N comparison between the Klarite 302 and 308 is clearly demonstrated. An example of data analysis is shown in figure 3c from a standard Klarite substrate, collected with a 785-nm laser, showing the averaged data points with a S/N >3 and the error represents 1 std. dev. In this data set, the R 2 value observed is 0.941. Using this type of analysis, it was possible to calculate the sensitivity for all substrate types at the two different wavelengths (see table 2 for a summary of results). It should be noted that this LOD is analyte specific, as different chemical interactions between the surface and the analyte can occur by changing the identity of the chemical of interest. Similar data were collected and analyzed for both the 633-and 785-nm laser (see table 2 for a summary of LOD results).
The results shown in table 3 clearly show that the best results were obtained using Klarite 308 with 785-nm excitation, yielding an overall improvement of almost 4 orders of magnitude greater in LOD for this analyte compared to the standard Klarite 302 under the same experimental conditions. Using 633-nm laser excitation, the data show that the Klarite 308 outperforms other substrates; however, the changes in sensing capabilities were not substantial. From the characterization data discussed (density comparison, amount of active area, location of plasmon absorbance bands) previously, some trending correlates with overall SERS sensing performance observed. This implies that there might be other parameters besides those measured affecting overall SERS enhancing capabilities. 
Conclusions
In this report, we characterized and compared next generation Klarite substrates 308 and 309 to the standard Klarite substrate at different excitation wavelengths, 633 and 785 nm. From the characterization results, we showed that the next generation Klarite substrate's SERS sensing performance is significantly better (up to 4 orders of magnitude, in some cases) as compared to the standard Klarite 302. Future work will focus on testing next generation Klarite response to various energetic samples and modeling efforts to determine hot spot location across a substrate surface. In addition, as these substrates are optimized and made more market ready, we expect to re-evaluate their sensitivity and reproducibility.
